Motivated by the short-baseline neutrino oscillation anomalies that suggest existence of sterile neutrinos at the eV scale, we construct a scenario of seesaw mechanism for 3+1 light neutrinos implemented by warped compactification of an extra dimension. As the seesaw mechanism necessitates at least two right-handed neutrinos at mass scales much larger than eV, incorporating an eV scale sterile neutrino into seesaw entails large mass hierarchies among the singlet neutrinos. We show that such hierarchies can be naturally explained by moderate fluctuations of the 5 dimensional fermion mass parameters. * kawai@skku.edu † okadan@ua.edu 1 Possible nuclear physics origin of the anomalies has also been suggested. See [3, 4] for recent reviews.
I. INTRODUCTION
The progress of neutrino physics is remarkable. Today precise measurements of the neutrino mass-squared differences and the mixing angles are becoming available [1] . Existence of light sterile neutrinos, the (normal or inverted) mass hierarchy of the active neutrinos, and CP violation in the lepton sector are now major questions that are expected to be settled by experiments in the immediate future. In particular, the MiniBooNE collaboration [2] recently reported 4.8 σ excess in the ν e and ν e appearance experiments and, combined with the LSND results the confidence level reaches 6.0 σ. Although consistency with other experiments is still a matter of debate, if neutrino oscillations are to be responsible for the anomalies 1 the combined LSND and MiniBooNE results strongly signal the existence of sterile neutrinos around the mass scale of eV. If confirmed, discovery of sterile neutrinos would have a huge impact on particle physics and cosmology, not merely on the physics of neutrinos.
A theoretical challenge would then to work out how the eV scale sterile neutrinos may be incorporated in a sensible theory beyond the Standard Model (SM). Since these leptons are SM gauge singlets, and as the seesaw mechanism is one of the leading candidates for the generation mechanism of small nonzero neutrino masses [5] [6] [7] [8] , it seems reasonable to discuss a model in the framework of type I seesaw mechanism. For successful seesaw, at least two heavy singlet (right-handed) neutrinos are necessary. It is also well known that the U (1) B−Lextended Standard Model, which is obtained by gauging the global U (1) B−L symmetry of the SM and gives rise to the type I seesaw when the U (1) B−L symmetry is spontaneously broken, is anomaly-free only if there are three right-handed neutrinos. Thus, the minimal anomaly-free model must have one light (eV scale) and two heavy (seesaw scale) right-handed neutrinos, embedded in the
Model. An obvious question then is how such large mass hierarchies may be realised in the neutrino sector.
Let us recall the ordinary type I seesaw mechanism with three heavy right-handed neutrinos with the mass matrix (in the order of the three left-handed and three right-handed neutrinos) 
On diagonalising the matrix (or integrating out the righthanded neutrinos), the 3 × 3 left-handed neutrino mass matrix is given by the seesaw formula,
For the Dirac Yukawa couplings of O(1), m 3×3 D is of the order of the weak scale. Thus for the neutrino masses of m 3×3 ν eV, the seesaw scale turns out to be M 3×3 ∼ 10 13 GeV. In our 3+1 (+2) neutrino model in which one of the right-handed neutrinos is at the eV scale and the other two are much heavier, the mass matrix is written 
where
and M 1 ∼ eV. The seesaw formula for the 3+1 neutrino masses is then
For successful seesaw mechanism with m 4×4 ν eV, the entries of the matrix elements need to be severely tuned; the nondiagonal elements of (4) need to be eV, and
In this Letter we propose a simple compactification scenario that gives rise to a naturally tuned desired neutrino mass matrix (3).
II. THE MODEL
We consider the minimal U (1) B−L -extended Standard Model embedded in the Poincaré patch of a 5 dimensional anti de Sitter (AdS) spacetime, so-called the Randall-Sundrum background [9] ; see also [10] [11] [12] . The metric is
where σ(y) = ky and k is the inverse of the AdS radius which is related to the 5 dimensional AdS cosmological constant by Λ = −6k 2 . The fifth dimension coordinate y is in the segment 0 ≤ y ≤ πr c , which is considered as a circle of radius r c ,
subject to Z 2 orbifold projection φ ≃ −φ. The compactification radius is taken to be πr c k ∼ O(10). The SM fields are assumed to be localised on the hypersurface at the orbifold fixed point y = πr c ("the IR brane") whereas the U (1) B−L gauge field and the right-handed neutrino fields extend over the fifth dimension ("the bulk"). The U (1) B−L Higgs Φ resides only on the IR brane and has a vacuum expectation value Φ = v BL . On the hypersurface at the other orbifold fixed point y = 0 ("the UV brane"), we assume no matter field except a cosmological constant. Due to the warped geometry, the 4 dimensional (reduced) Planck mass M 4 = 2.44 × 10 18 GeV is related to the 5 dimensional reduced Planck mass M 5 by
The matter contents of the lepton sector on the brane are the lepton doublets ℓ α , the lepton singlets (sterile neutrinos) N c i , the SM Higgs doublet h and the U (1) B−L Higgs boson Φ. We use the convention in which the 4 dimensional fermions are written in terms of the left-handed fields. The properties of these fields are summarised in the following table:
Singlet neutrinos from bulk fermions
In our model the sterile neutrinos N c i are realised as the Kaluza-Klein (KK) zero-modes of the bulk fermions 2 .
The 4 dimensional chiral fermions are identified as the zero-modes of the 5 dimensional Dirac fermions subject to the Z 2 orbifold projection [14] [15] [16] . We start with the 5 dimensional action of the bulk fermions
where the terms involving spin connections are omitted as they play no rôle in the following discussions. The sgn(φ) in the mass term is to keep this term even under the Z 2 parity of the orbifold. The pentads are e a µ = e −σ δ a µ for a = 0, 1, 2, 3, e 5 µ = δ 5 µ , and their inverse are e µ a = e σ δ µ a for a = 0, 1, 2, 3, e µ 5 = δ µ 5 . We use the 4 dimensional representations of the 5 dimensional gamma matrices γ a = (γ 0 , γ 1 , γ 2 , γ 3 , iγ 5 ). The chiral components of the bulk fermion fields are
which are decomposed into the KK modes,
For consistent KK reduction the action (8) 
for the KK mode functions f (12), satisfy second order differential equations and are solved as Bessel's functions. We shall not discuss nonzero modes in this Letter as they do not give nontrivial physics at low energy 3 . For the zero modes, either f R is nontrivial since the Z 2 odd part is projected away. Without losing generality we shall choose the left component to be Z 2 even. This conforms to our convention that 4 dimensional chiral fermions are expressed in terms of the left-handed fields. The zero modes also satisfy (12) with a vanishing KK mass and are normalised by (11) . Thus,
where ν = m/k. In our model 4 we consider 3 generations of 5 dimensional fields Ψ i , i = 1, 2, 3, with possibly different 5 dimensional masses m i . Their left-handed parts have KK decomposition,
where ν i = m i /k. The canonically normalised lefthanded zero mode fields ψ (0) i,L (x) are identified as (the conjugate of) the right-handed neutrino fields N c i . The 5 dimensional mass parameters m i are naturally in the same order as the curvature scale k but their signs can be positive or negative. We shall assume one of them, say m 1 , is smaller than − 1 2 k and the other two are larger, namely,
These mild assumptions lead to the desired mass hierarchies of the singlet neutrinos, as shown below.
B. Majorana masses
The action for the U (1) B−L Higgs field on the brane can be written
Since δ(y − πr c ) is an operator of mass dimension one, Φ has the same mass dimension (one) as a 4 dimensional scalar. By rescaling
the action (16) reduces to that of the canonically normalised 4 dimensional scalar Φ with spontaneously broken U (1) B−L symmetry. The exponential suppression of 4 The Z 2 parity anomaly cancels only for an even number of fermions in the bulk. In our model, the SM fields are well localised on the brane but are of 5 dimensional origin, so there are 16 bulk fermions per generation and 48 in total. Therefore this model is free from both Z 2 parity anomaly and U (1) B−L gauge anomaly.
the 4 dimensional breaking scale v BL is a well known feature of the Randall-Sundrum type scenario [9] . The Majorana masses of the singlet neutrinos are generated by the U (1) B−L Higgs expectation value on the brane. Let us consider the Majorana Yukawa term
where we have divided by M 5 ≈ k to make λ ij dimensionless. Upon KK reduction (14) and rescaling of the field (17) we may write
The 4 dimensional effective Majorana Yukawa is
which, introducing
is compactly written 
C. Dirac masses
The Dirac masses of the singlet neutrinos originate from the 5 dimensional Dirac Yukawa term
in which the factor of 1/ √ M 5 ≈ 1/ √ k has been introduced to make y αi dimensionless. The fields H and L α are the 5 dimensional scalar and fermions that are related by rescaling to the Higgs h and the lepton doublets ℓ α canonically normalised in 4 dimensions,
Upon KK reduction (14) 
Thus, with our assumptions on the 5 dimensional mass parameters (15) the effective Dirac Yukawa coupling are y eff α1 ∼ ǫ y α1 , y eff αj ∼ y αj , j = (2, 3).
(28)
III. BENCHMARK FOR THE SEESAW MECHANISM
We have seen that the minimal U (1) B−L -extended Standard Model embedded in the warped 5 dimensional background gives the Majorana Yukawa term (19) and Dirac Yukawa term (26) in the effective theory on the IR brane. After the U (1) B−L and the electroweak symmetry are spontaneously broken, the mass term of the neutrino sector becomes
With the assumptions on the mass parameters (15) the Yukawa couplings exhibit the hierarchical structure (23) and (28). Let us now focus on the seesaw mechanism realised in this model. Introducing (31)
The Higgs vev is h ≈ 100 GeV and the original Yukawa couplings λ ij and y αi are all assumed to be O(1). We wish to realise the lightest sterile neutrino at the eV scale,
Next, the Dirac masses of the m α1 components must be eV scale, m α1 = y eff α1 h ∼ ǫ × 100 GeV ∼ 1 eV. Hence ǫ ∼ 10 −11 , and then from (32), v BL ∼ 10 13 GeV.
The other Dirac mass components are m α2 = y eff α2 h ∼ 100 GeV, m α3 = y eff α3 h ∼ 100 GeV. The remaining Majorana mass components are also fixed as
for i, j = (2, 3). To summarise, the mass matrix (31) is written as 
M 2×2 ∼ 10 13 GeV.
The seesaw formula yields the masses of the 3 active and 1 sterile neutrinos
which is the desired result.
IV. FINAL REMARKS
In this Letter we have proposed a simple scenario of warped compactification that naturally realises large mass hierarchies of singlet neutrinos. With the assumptions that the right-handed neutrinos have their origin in the extra dimension, and that there exist some fluctuations in the mass parameters of the bulk fermions, we have shown that the eV scale sterile neutrino can naturally arise in the 4 dimensional effective theory. We conclude with a couple of comments.
First, we have been cavalier about the fine structure of the light neutrino masses, since such mass differences are extremely small compared to the large hierarchies that we focus. This certainly does not mean that they are unimportant. See e.g. [18] for mixing between the active and sterile neutrinos.
We assumed that one of the mass parameters satisfies ν 1 = m1 k < − 1 2 , while the others satisfy ν 2 = m2 k > − 1 2 , ν 3 = m3 k > − 1 2 . These mild conditions led to the neutrino mass hierarchies in the 4 dimensional theory, with the extremely small parameter ǫ = ω 1 ≈ e −( 1 2 +ν1)πrck ∼ 10 −11 . The mass parameters ν i are otherwise unconstrained. One may, however, suppose for example that the U (1) B−L symmetry breaking takes place near the Planck scale M 4 ∼ M 5 ∼ k; then the warp factor is fixed to be e −πrck = v BL / v BL ∼ 3 × 10 −6 . In this case one of the mass parameters is determined as ν 1 ∼ − 3 2 . The original Randall-Sundrum scenario [9] addresses the hierarchy problem of the SM, namely the fine-tuning issue of the Higgs potential against radiative corrections. In our scenario this issue of course persists, and in order to overcome this one may for example resort to supersymmetry. In fact, supersymmetric extension of the scenario presented here is straightforward.
Finally, it is now widely known that the simple 3+1 neutrino model has some tension with the global fit of short-baseline neutrino oscillation anomalies. The purpose of our work here has been to present a minimalistic warped compactification scenario that realises the type I seesaw mechanism with a sterile neutrino of eV mass scale. We hope our scenario serves as a simple benchmark model for further developing more sophisticated neutrino models.
